Solid-state sucrose is a well-known dosimetric system, which is capable of reliable dose estimates only considerable time after exposure. Immediately after irradiation at room temperature, its electron paramagnetic resonance (EPR) spectrum is dominated by contributions from unstable radicals, which are studied here using continuous wave EPR and electron-nuclear double resonance (ENDOR) spectroscopy. Four hyperfine tensors of proton couplings were determined, associated to two radical species, and subsequently compared to density functional theory calculation results, which led to the identification of the species with lower abundance (U2) as a radical formed by a H abstraction from C4. The more abundant center (U1) has not been definitively identified yet, but we present compelling evidence that it should be a C6 centered radical. Comparison of the simulated EPR spectra with all available data to the experimental ones suggests that the EPR spectrum of X-irradiated sucrose immediately after irradiation can now be almost entirely understood.
Introduction
It is well known that the exposure of biomolecules to high-energy radiation can lead to drastic alterations in their structure. Direct products -excitations and ionizations -are highly unstable, so the molecules undergo a series of transformations before attaining a relatively stable conformation. Resulting free radicals react with surrounding molecules, damaging them and altering their functionality. 1, 2 Understanding the chemistry of these radicals, i.e. identifying them and tracing their reaction pathways, can contribute to further developments in radiation biology and radiotherapy. Sugars are particularly interesting from this standpoint because of their important role in the metabolic cycle and their presence as structural elements in complex biological systems, such as DNA. 3 Due to the complex nature of macro biomolecules, studying sugar radicals in them directly is far from trivial, so good model systems are desirable. Sucrose (Fig. 1) , the main component of table sugar, is not only considered to be such model system, but also presents interest as a retrospective radiation dosimeter 4, 5 and enables characterization of irradiated foodstuffs. 6, 7 For a thorough discussion on the topic of radiation-induced radicals in carbohydrates and sugars in particular the reader is referred to Ref. 8 , while a concise review on the dosimetric studies of sucrose has recently been made by Karakirova and Yordanov.
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The radiation-induced electron paramagnetic resonance (EPR) spectrum of sucrose has been known for over fifty years, 10,11 but progress has been made only recently in identifying the location and molecular structure of the radical species. An overview of our efforts concentrating on the carbon centered radicals is summarized in Table 1 and briefly discussed hereunder. For a thorough discussion the reader is referred to Ref. 8 . In a study of close-to-primary radicals after an in situ irradiation at 10 K, 12 six radical species were observed (R1-R6), four of which were identified. R1 and R2 were identified as H abstractions from C1 and C5 (atom labeling, see Fig 1) , respectively; R3 -as a C6 centered radical; and R6, which was already thoroughly characterized by Box and Budzinski, 13 -as an alkoxy radical, where the abstracted hydroxy proton has migrated to a neighboring OH group. A study after in situ irradiation at 80 K revealed that five radical species contribute to the intermediate EPR spectrum, 8 none of which are stable at room temperature (RT). The two most prominent species appeared to be R1 and R2 produced at 10 K., 12 species N1 has been identified as an H abstraction from C5', while minority species N2 and N3 were not identified. The stable EPR spectrum forms in the course of the first few days after RT irradiation: 14 parts of the spectrum produced immediately after exposure fade on a timescale of a couple of hours. In a statistical analysis of the time evolution of the radiation response, Vrielinck et al. 15 have shown that initially the spectrum is dominated by two components and Figure 1 : Chemical structure of a pristine sucrose molecule and plausible radical models. Throughout this work, carbon atoms are numbered as shown above, carbon-bound hydrogen and oxygen atoms are labeled according to the carbon to which they are bound and hydroxyl hydrogen atoms -according to the oxygen to which they are bound. M1 is formed by removing a hydrogen from C6, M2 -by removing a hydrogen from C6', and M3 -by removing a hydrogen from C4.
have concluded that these radicals transform into diamagnetic species. Finally, three radical species (T1, T2, T3) that dominate the stable spectrum have been identified in a series of combined experimental and density functional theory (DFT) electron magnetic resonance (EMR) studies. [16] [17] [18] After determining the g tensors, 19 powder spectra and corresponding simulations at multiple microwave frequencies revealed the presence of at least one more species with a non-negligible contribution.
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In this work we present our effort to characterize and identify the meta-stable species produced immediately after a RT irradiation, 15 
Experimental and computational methods
Analytic grade (>98%) sucrose was purchased from Sigma-Aldrich and used without further purification. The crystal structure is monoclinic with space group P 2 1 , implying two molecules in a unit cell related by a twofold screw-rotation around the <b> axis. The lattice parameters are determined from a neutron diffraction analysis: In this work, we employed the DFT calculation methodology developed and validated in other studies. 19, 24, 25 Calculations were performed with the CP2K software package 26 and the BLYP exchange-correlation functional 27,28 in a periodic approach using a supercell doubled in the <c> derection (<ab2c>), which for a pristine lattice is 180 atoms large. Geometries were optimized using the Gaussian and plane waves (GPW) dual basis set method 29 with a plane wave cutoff energy of 300 Ry, TZV2P GTH Gaussian basis sets 30 and GTH pseudopotentials. 31, 32 Afterwards, geometries were further refined using the all-electron Gaussian and augmented plane waves (GAPW) method 33 with an energy cutoff of 350 Ry and 6-311G** Gaussian basis sets. 30, 34 The HF tensors were calculated as described by Declerck et al. 35 on the same level of theory as for the geometry refinement -all-electron approach with 350 Ry cutoff and 6-311G** basis sets. Finally, the g tensors were calculated by employing a scaling approximation proposed by Van Yperen-De Deyne et al. 36 to account for the spin-orbit and spin-other-orbit contributions, known to be erroneously described by effective potential methods. 37 For a recent review of this field, the reader is referred to Ref. 38 .
Results
Immediately after irradiation, the EPR spectrum of crystalline sucrose ( The spectrum of U2 is 1.3-3.0 times wider than U1's and has a 1:2:1-triplet structure at all main orientations, with a third considerably smaller splitting visible only at <c>. This implies HF1(U2) ≈ HF2(U2) HF3(U2). 3) were obtained from spectra recorded in the bc-, EIE and (C) ENDOR spectra of single crystal sucrose at orientations close to the <a* >, <b>, <c> directions immediately after X-ray irradiation. Experimental EPR and EIE spectra (black lines) agree rather well with the simulations (red lines). Discrepancies between measured and simulated EPR spectra can be explained by the contributions from stable radicals. Simulated spectra of T1, T2 and T3, using simulation parameters from Ref. 19 , are depicted with blue lines. Simulations for the transient radicals were performed with experimental spin Hamiltonian parameters (Table 2 ) and line broadenings of 8 MHz at <a* >, 11 MHz at <b> and 14 MHz at <c> for U1 and 23 MHz at <a* >, 11 MHz at <b> and 10 MHz at <c> for U2. Additional splittings of 16 MHz at <a* > for U1, 10 MHz at <c> for U2 and 7:3 intensity ratio were determined by visually comparing experimental and simulated curves. In ENDOR spectra, an artifact line of our setup at 88.6 MHz is indicated by an asterisk (*).
ac-and a*b-rotation planes. Two strongest HF tensors of both radicals (Table 2) 
A n g l e o f r o t a t i o n i n p l a n e ( o ) It is important to note that tensors determined in the described way are not necessarily unique because of the Schonland ambiguity. The ambiguity arises from a freedom in choosing the rotation sense or, equivalently, the symmetry site assignation in all rotation planes, as explained in Refs. 39, 40 and 8. An illustration of this point is available in Figure S1 in the Supporting Information. In general, measurements in a skewed rotation plane or at a different microwave frequency have to be performed to obtain a unique solution, but in the present case HF tensors bearing no physical relevance could be singled out without additional experiments. Schonland conjugates of tensors ascribed to U1 (provided in the Table S1 of the Supporting Information) did not have the characteristic anisotropic patterns, e.g. (−a, 0, a) for an α-or (−b, −b, 2b) for a β-coupling, while for U2 irrelevant tensors were eliminated by comparison to DFT calculation results ( Table 3 ). The discussion of the computational results and comparison to experimental data are presented in the next section, where radical species are examined separately. Anisotropic linewidths (caption of Fig. 2 ) and g-values (Table 2 ) of individual components at the <a* >, <b>, <c> directions were determined by fitting simulated (integrated) EPR spectra to measured EIE spectra. The complete g tensors could not be determined, as EIE spectra were only recorded at those orientations. To reproduce the structure of experimental spectra completely, couplings of 16 MHz at <a* > and 10 MHz at <c> had to be included in the simulations of U1 and U2, respectively. For measured EPR spectra, simulations were performed keeping the parameters, determined from the EIE analysis, fixed and varying the peak amplitudes to match the relative intensities of U1 and U2, which allowed us to estimate the relative contributions of radicals to the total intensity. Final simulations with 70% of U1 and 30% of U2 are presented alongside measured spectra in Fig. 2 . Differences between experimental and simulated EPR spectra can be explained by the contributions of stable radicals, known to be produced alongside the transient ones. 15 Simulated spectra of known stable radicals T1, T2 and T3 [16] [17] [18] reveal that most of the discrepancies can be accounted for (Fig. 2) , while minor unexplained features are probably to be ascribed to a presently unidentified fourth stable species.
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Discussion
From the g values at the <a* >, <b> and <c> orientations and angular variations of the EPR spectrum (not presented here), it may be concluded that U1 and U2 only exhibit weak g anisotropy. This suggests that both U1 and U2 are carbon centered π radicals without strong delocalization to carbonyl or ring oxygen. To keep the amount of possible models manageable, only radicals created by a single H abstraction were considered here, although more complicated deviations from the pristine lattice may be expected after irradiation at RT. In view of the fact that radical ions in carbohydrates are rare, centers were assumed to be neutral. 8 Fourteen radicals fall under these constraints, many of which can be eliminated by using a more careful inspection of the potential radical sites, the point dipole approximation and semi-empirical rules, 41,42 before a final confrontation with high-level DFT calculations.
The smallest deviation angles between crystallographic directions in the pristine molecule and the directions of the most positive anisotropic components of experimental tensors are presented in Table 4 and discussed further for U1 and U2 separately.
Radical species U1
The most distinctive feature of U1 is an α-proton interaction with an isotropic HF value of -55.5 MHz. There are just three carbon sites in the sucrose molecule where after proton abstraction the R-CH • -CH-R structure could be realized -C6 (M1), C6' (M2) and C1'. In principle, the C1' centered model can be verified by experiments on irradiated deuterated sucrose crystals. However, next to an α coupling, a H abstraction radical at this position would only exhibit a hydroxy-proton interaction, that is known to be more anisotropic than a (Table 2) . Deviation angles between vectors δ are expressed in degrees. Figure 1 and results of DFT calculations on these structures are presented in Table 3 .
The overall agreement of the calculated HF results and the experimental data is rather poor, i.e. angles between eigenvectors are in most cases more than 20
• off and principal values deviate by more than 10%, showing that neither model is a complete representation of U1. However, it is noteworthy that deviation angles of M1, which all lie in the range from
15
• to 29
• , are systematically smaller than the ones of M2. This suggests that the actual radical could still be centered on C6, but would have to be more complex. Remarkably, a radical at this location has previously been proposed by De Cooman et al. 12 in a study of X-ray induced radicals in sucrose produced at 10 K (see Table 1 Combining all these arguments, C6 emerges as the most plausible location of the radical center. A limited conformational and molecular dynamics study did not improve current DFT results, suggesting that the radical structure is more complicated than a simple H abstraction. Perturbations to the M1 model to be considered should produce a tilting of the principal axes of the α-HF(H6) and β-HF(H5) and increase the isotropic couplings of these tensors while reducing that of hydroxy-HF(HO6).
Radical species U2
At all main crystallographic directions, the spectrum of U2 is a 1:2:1 triplet, characteristic of two strong, nearly equivalent, interactions with β-protons. In a sucrose molecule (Fig. 1) , for H abstraction radicals of this sort it is more probable that β-protons are bound to carbons on the opposite sides of the radical center, i.e. R-CH-C • -CH-R. This chemical structure is realized if a hydrogen is removed from C2, C3, C4 and C4' sites, most of which can be eliminated by again comparing appropriate principal directions of experimental tensors to directions in the pristine crystal. For all of the aforementioned sites, with the exception of C4, C-β-H direction vectors in the undamaged molecule deviate from the corresponding HF tensor axes by more than 40
• . Conversely, as can be seen from Table 4 , the C4-H3 and C4-H5 directions agree very well with A z components of HF1(U2) and HF2(U2), departing by
11
• and 15
• , respectively. The overwhelming majority of C-β-H distances fall in the range 2.13-2.18Å at most interesting C-sites, while the C4-H3 distance is equal to 2.73Å. This is remarkably close to the distance of 2.82Å, determined from the dipolar approximation for HF1(U2). It follows from all these arguments that, under the assumptions made in the beginning of the discussion, the radical obtained by H abstraction at C4 (M3) is the only possible radical model of U2. The chemical structure of M3 is shown in Figure 1 . Calculated g and HF tensors are presented and compared to experimental data in Table 3 .
The agreement between calculated and experimental HF tensors is very good, that is deviations of principal directions do not exceed 7
• and principal values are reproduced within a 5% margin. By and large, this is sufficient to conclude that the model is correct, but it is still worthwhile to discuss the remaining evidence in order to further support this claim and to reinforce arguments for the site assignment of U1. The diagonal elements of the calculated g tensor in the <a*bc> frame are (2.0022, 2.0034, 2.0037) and match the experimentally determined ones reasonably well: the absolute values are slightly off, but the axial pattern is clearly present. This is in accord with our previous work (Ref. 19) , where it was demonstrated that the employed g tensor calculation methodology still has difficulties in producing accurate principal values, but is capable of reproducing anisotropic parameters rather well. Another important observation is that the HF interaction with HO4 is equal to (−6.72, −11.95, −12.05) MHz at <a* >, <b>, <c>, respectively. This may explain the 10 MHz coupling observed in the experimental spectrum at <c> and is within the error margin of the linewidth at the <b> direction. This could be viewed as an illustration of the potential of DFT to predict spin Hamiltonian parameters that (for some reason) are difficult to estimate experimentally. All these facts together with the excellent agreement of simulated and experimental HF tensors leave very little doubt that M3 is the right model for U2.
Conclusions
Immediately after RT X-irradiation, the EPR spectrum of single crystal sucrose is dominated by two radical species. Four HF tensors and g-values at the <a* >, <b> and <c> orientations were determined from a single crystal ENDOR/EIE analysis and allowed us to devise radical locations and models. Almost all features in the EPR spectrum of sucrose immediately after irradiation at RT can be understood, if in addition to these transient species, also the known stable radicals are considered to be present. From simulations of the EPR spectrum, the relative contributions of the transient radicals were estimated to be 7:3. Finally, after confronting possible models with DFT calculations it was shown that the species with higher abundance is most likely a C6 centered radical, while the species with lower abundance was convincingly identified as an H abstraction radical from C4.
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